An Observation Model for Motion Correction in Nuclear Medicine by Alnowami, MR et al.
An Observation Model for Motion Correction in Nuclear
Medicine
Majdi R. Alnowamia, E. Lewisa, M. Guyb and K. Wellsa
aCentre for Vision, Speech and Signal Processing, University of Surrey, Guildford,GU2 7XH;
bMedway Maritime Hospital, Windmill Road, Gillingham, Kent, ME7 5NY, UK.
ABSTRACT
This paper describes a method of using a tracking system to track the upper part of the anterior surface during
scanning for developing patient-speciﬁc models of respiration. In the experimental analysis, the natural variation
in the anterior surface during breathing will be modeled to reveal the dominant pattern in the breathing cycle.
The main target is to produce a patient-speciﬁc set of parameters that describes the conﬁguration of the anterior
surface for all respiration phases. These data then will be linked to internal organ motion to identify the eﬀect
of the morphology of each on motion using particle ﬁlter to account for previously unseen patterns of motion. In
this initial study, a set of volunteers were imaged using the Codamotion infrared marker-based system. In the
marker-based system, the temporal variation of the respiratory motion was studied. This showed that for the
12 volunteer cohort, the mean displacement of the thorax surface TS ( abdomen surface AS) region is 10.7± 5.6
mm (16.0± 9.5mm). Finally, PCA was shown to capture the redundancy in the data set with the ﬁrst principal
component (PC) accounting for more than 96% of the overall variance in both AS and TS datasets . A ﬁtting
to the dominant modes of variation using a simple piecewise sinusoid has suggested a maximum error of about
1.1mm across the complete cohort dataset.
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1. INTRODUCTION
One of the current major challenges in nuclear emission tomography is respiratory motion correction. Respiratory
motion during the emission data acquisition process leads to blurred images, thus challenging diagnosis, planning
and follow-up processes. There is signiﬁcant clinical evidence on the eﬀect that respiratory motion has on lesions
localisation.1–4 Correspondingly, signiﬁcant tumour motion and variation in lung volume has been reported in5,6
whereby images reconstructed without respiratory motion compensation were studied. A signiﬁcant research
focus is in developing new approaches to monitor and track respiratory motion during data acquisition7 . This
may involve techniques to correct motion during reconstruction e.g. Reyes et al.6 or using a marker-based
tracking system to monitor the body motion during data acquisition, e.g. Nehmeh et al.3 , Boutchko et al.8 and
Wolthaus et al.,9 . However, much of the prior work assumes invariant cyclic respiratory motion, where as in
reality this behaviour is actually more complex.
The most simple approach for motion correction in nuclear imaging is the implementation of respiratory gating
(RG). Generally, in RG the normal breathing cycle is divided into typically eight diﬀerent phases. Dynamic NM
data is then sorted into these eight gates, resulting in eight image sets with reduced motion. In the simplest
case, only a single phase or gate is stored, thus minimizing the motion artefact. However, this yields statistically
noisy images, as the majority of the data are ignored. Alternatively, respiratory gated images reconstructed
with a reconstruction algorithm including some form of simple registration may be individually such as use of
auto-correlation. In order to divide the motion into gated phases, a number of external instruments have been
used for tracking respiratory motion such as pneumatic devices10 and IR tracking of the vertical position by two
reﬂective markers.3 Others researchers8,11,12 have used stereo camera tracking systems with markers in various
conﬁgurations arranged on the subject’s anterior surface. The main disadvantage of these gating methods is
the SNR (signal-to-noise ratio) in the reconstructed image of each phase is much lower that the SNR of the
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un-gated PET image set so that, the reduced SNR leads to signiﬁcant information loss. Therefore, gating alone
appears insuﬃcient for motion correction in nuclear medicine imaging. The Respiratory Correlated Dynamic
(RCD) method was proposed to overcome the standard RG disadvantages.3,5 One of the major disadvantages
of this method is that less data is used in each reconstruction and therefore the image suﬀers from statistical
noise. Perhaps more importantly this approach used only one marker over the anterior surface to describe the
internal organs motion and that is not enough to describe diﬀerent pattern of breathing. As diﬀerent breathing
pattern cause a diﬀerent internal organs motion.
In contrast to those other approaches, we propose a data driven scheme13,14 to achieve motion correction in
nuclear medicine using a particle ﬁltering frame work15 that relaxes commonly used assumptions about respira-
tory motion. As part os this scheme, this paper describes a method of using a marker-less tracking system to
track the upper part of the torso during scanning for developing patient-speciﬁc models of respiration. More-
over, Principal component analysis (PCA) is used to study the breathing morphology for individual volunteers
to characterize breathing behaviour. The main goal of the work presented here is to eventually develop a method
of marker-less tracking of the upper part of the torso during scanning, and to parametrise patient-speciﬁc pat-
terns of respiration. In the experimental analysis described later, the natural variation in the anterior surface
during breathing will be modeled to reveal the dominant pattern in the breathing cycle. The main target is to
produce a patient-speciﬁc set of parameters that completely describes the conﬁguration of the anterior surface
for all respiration phases. These data then will be linked to internal organ motion to identify the eﬀect of the
morphology of each on motion using particle ﬁlter to account for previously unseen patterns of motion.
2. METHODOLOGY AND RESULTS
An initial pilot study was undertaken using a set of volunteers, imaged using the Codamotion infrared marker-
based tracking systems. A marker-less system is highly attractive in terms patient throughput but will generate
Gigabytes of data per second of capture, which is cumbersome, at least, at the initial development stage. By
contrast, the Codamotion system only captures marker coordinates and returns their 3D position in space
generating only a few kB per second. Therefore, the Codamotion system was used in the preliminary study to
analyse natural temporal variations in anterior wall conﬁguration during breathing, and to understand how to
parametrise individual respiratory morphology.
2.1 Temporal motion study
The Codamotion CX1 unit measures the 3D locations of infra-red active markers in real-time. The infra-red
system Resolution is about 3mrad (0.002 degree) at 3m from the camera with a lateral resolution of 0.1 mm and
horizontal and vertical resolution of 0.6 mm. The viewing angle of one CX1 unit is approx 80o. The sampling rate
of the system was user-selected to 10 frame/sec. The markers for this system were arranged on each volunteer’s
anterior surface in a four-by-four grid ( see Figure 1(a)). The tracking points were arranged as follows: near
the chest wall at the level of the third and ﬁfth costal cartilage, section 1 (S1) and section 2 (S2) respectively,
targeting the lung-apposed rib cage; midway between the xyphoid process and the costal margin (S3), targeting
the abdomen-apposed rib cage; at the level of the umbilicus (S4).
2.1.1 Volunteers Preparation
In this initial study a set of seven male and ﬁve female volunteers having a signiﬁcant variation in body shape,
with body mass indices (BMI) ranging between 27.8kg/m2 and 21.3kg/m2, were imaged using the Codamotion
marker-based system. Volunteers were asked to maintain the same overall position during the acquisitions and
to breathe quietly for 10s. No others particular instruction regarding the breathing pattern was given. All
volunteers were imaged in the supine position. Sixteen infra-red LED’s were placed over the anterior surface as
described previously and illustrated in Figure 1(b).
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(a) The anterior grid consists of four horizontal
rows and four equally spaced vertical column.
(b) Sixteen infra-red
LED’s were placed
over the anterior sur-
face of the volunteer
Figure 1. Tracking points arrangement on each volunteers anterior surface
2.1.2 Data Acquisition
As described in section 2.1, marker-based respiratory motion data were acquired using two 4*2 groups of markers
referred to as the Thoracic surface (TS) and the Abdomen surface (AS) respectively. Each frame was analysed
as a column matrix Fn:
Fn = [Xn,1, Yn,1, Zn,1, Xn,2, Yn,2, Zn,2................., Xn,s, Yn,s, Zn,s]
T (1)
where Xn,1, Yn,1, Zn,1.....Xn,s, Yn,s, Zn,s describe the Cartesian data of each marker and 1 through s is the marker
index at frame n. As a result each frame will be represented by D ∗ 1 vectors, where D = 3 ∗ s is the dimensional
vectors for Fn. Therefore, by using 8 markers for the TS and AS respectively, the representation of each data
set is a 45 dimensional vector. The respiratory motion sequence for each volunteer is represented by a matrix
M , where each row of the motion matrix corresponds to all the motion components of a particular marker, and
each column of M corresponds to a set of measurements from one particular frame. Equation 2 illustrates the
motion matrix of the anterior surface.
M = [F1, F2, F3, ................., F99, F100], n = 1 : 100, number of frames (2)
2.1.3 Results
Respiratory motion can be deﬁned by amplitude and period, where amplitude is deﬁned by some measure of the
displacement between maximum inhalation and maximum exhalation, and frequency is the number of breathing
cycles per unit of time determined, for example, from baseline zero-crossing points or distance between peak
inhalation. In these preliminary analyses, respiratory motion was studied as follows: the motion amplitude was
used to understand and evaluate the maximum and minimum displacement in each marker under the hypothesis
that the motion of the anterior surface is primarily deﬁned by two factors TS and AS motion;16–18 secondly,
the contribution of anterior-posterior (AP) (Z direction), lateral (L) (X direction), and superior-inferior (SI) (Y
direction) motion to the total displacement of each marker was illustrated and analysed using PCA. Table 1
illustrates the results obtained from scanning the aforementioned volunteer cohort. It shows that the surface
displacements for both TS and AS during a breathing cycle where these displacement values describe the average
distance between the markers of a target (TS or AS) region. This table demonstrates a mean displacement of the
TS (AS) region of 10.7±5.6 mm (16.0±9.5mm). In addition, the table indicates that the maximum displacement
of TS is about 24.6 mm and the maximum displacement of AS is about 39.8 mm.
To investigate the aforementioned hypothesis that anterior surface motion is controlled by the two components
of TS and AS motion, the displacement of each marker from its mean position was plotted as a function of time.
Figure 3 and 2 show an example of two diﬀerent volunteers where M1 to M4 (solid lines) describe the TS variation,
and M13 and M16 (dashed lines) describe the variation of AS where, M1 to M16 is marker(1) to marker(16) as
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described in Figure 1(a). In Figure 3 it can be seen that the displacement of AS and TS markers are in phase,
and Figure 2 illustrates markedly diﬀerent breathing patterns, where the AS and TS displacement are out of
phase. These results are illustrative of the diﬀerent respiratory motion patterns seen across the cohort. The
amplitude of TS or AS displacement can also vary during the scanning time for the same individual.
Volunteer
No.
Gender
BMI
(kg/m2)
TS Displace-
ment(mm)
AS Displace-
ment(mm)
1 M 28.2 12.5 39.8
2 M 24.3 11.3 27.9
3 M 25.2 24.6 8.5
6 M 21.8 18.4 11.0
7 M 27.8 6.8 12.7
4 M 24.8 10.3 10.8
9 M 21.4 13.6 25.7
5 F 25.2 13.5 9.6
8 F 24.6 7.4 15.6
10 F 22.2 7.6 22.7
11 F 25.5 7.1 20.3
12 F 21.7 5.1 24.6
Cohort average 23.6 10.7 16.0
Standard Deviation 2.3 5.6 9.5
Max 28.2 24.6 39.8
Min 21.4 5.1 8.5
Table 1. Mean experimental surface displacements for both chest and abdominal region during a 10s breathing cycle
acquisition for a group of 12 male and female volunteers.
Figure 2. The volunteer breathing pattern shows the displacement of AS and TS markers are out of phase with a noticeable
change in amplitude and frequency
.
To understand the dominant motion component, the motion of each marker was analysed. Figure 4(a)
illustrates the motion path for markers of one volunteer in Cartesian space. A straight line was then ﬁtted
through each marker as illustrated in Figure 4(b).
Figure 5 illustrates the contribution of each displacement direction to the total amplitude of the displacement
during the breathing cycle for the 12 volunteers, calculated using:
Contribution =
C2
SI2 +AB2 + L2
(3)
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Figure 3. This Figure shows that the displacement of AS and TS markers are in phase and there is amplitude and frequancy
of the breathing cycle almost constant
(a) Surface representation of the anterior surface, showing marker displace-
ment. This illustrates the motion path for all the markers of one volunteer
in 3D.
(b) Illustrates a straight
line ﬁtting through each
marker motion path.
Figure 4. The Cartesian displacement of each marker during the respiratory cycle.
where C is the Cartesian displacement in SI, AB or L direction. This ﬁgure illustrates that the contribution of
AP motion is about 95% ± 3% of the total amplitude of the higher breathing pattern (amplitude in the range
27 to 40 mm), falling to less than 40% ± 10% of the tidal breathing pattern (amplitude in the range 7 to 12
mm). Conversely, the contribution of SI and L motion is less than 5%± 2% of the total amplitude of the largest
amplitude, rising to about 50%± 8% of the tidal data. Therefore, in deep breathing, the contribution of SI and
L motion might be neglected.
3. ANALYSIS
The evidence of dominant behavior shown in the previous section suggests that PCA analysis could successfully
be used to eﬀectively represent the anterior surface motion. To start this process, the representation of each data
set is assigned to a 24-dimensional vector. Each frame within the respiratory cycle F (n) where n(= 1, · · · , 100)
is a time index, was described as combination of FAS(n) and FTS(n) i.e. the thoracic and abdomen marker sets.
PCA analysis was then undertaken. The ﬁrst seven principal components for each data set are illustrated in
Figure 6. On average, the ﬁrst principal component (PC) accounts for more than 96% of the overall variance in
both data sets AS and TS. Obviously, PCA is very successful in capturing the redundancy in the data.
Figure 7 illustrates the dominant modes of variation associated with the dominant eigenspace for one of
the volunteers, where WTS and WAS describes the dominant modes of variation for the TS and AS motion
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Figure 5. Illustrates the contribution of each Cartesian displacement to the total amplitude of the displacement during
the breathing cycle. The solid line shows a logarithmic ﬁtting for the average contribution of the Cartesian displacement
SI (blue) ,AB (red) and L(green) at diﬀerent amplitude.
Figure 6. The ﬁrst seven principal components. The error bars represent the standard deviation on the calculated values
across the cohort
respectively where WTS(n) and WAS(n) represents the weight of the ﬁrst eigenvectors eAS(1) (eTS(1)) for each
frame Fn for n = 1 : 100 Therefore, each frame within the respiratory motion can be described by equation 4:
F (n) =
{
FTS(n) : for TS
FAS(n) : for AS
(4)
where FAS(n) and FTS(n) are the vector data for AS and TS at frames n. These are given by a linear combination
of the mean vectors FAS(0) and FTS(0) respectively plus the weighted ﬁrst eigenvectors eAS(1) (eTS(1)) for each
surface as given in equation 5:
FAS(n) = eAS(1) ∗WAS(n) + FTS(0) , FTS(n) = eTS(1) ∗WTS(n) + FTS(0) (5)
where WAS(n) (WTS(n)) the weight/score of eAS(1) (eTS(1)) at each frame n. Since the mode of variation
W is a cyclic motion over time. Therefore, each cycle within the motion sequence might be approximated in
pseudo sinusoidal form similar to the parameterization given in.19,20 A preliminary piecewise sinusoidal ﬁtting
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Figure 7. Illustrates the dominant modes of variation for WTS and WAS for the TS and AS respectively following PCA
analysis.
is illustrated in Figure 8. The error associated with this ﬁtting is also illustrated, with maximum error of about
1.1mm for this initial case. Table 2 illustrates sinusoidal ﬁtting parameters for each half cycle and the maximum
error presented in each ﬁtting.
Figure 8. Illustration of the dominant modes of variation (the coeﬃcient of the ﬁrst eigenvectors) changing over time for
90 frames. It also illustrates the piecewise sinusoidal ﬁtting for each half cycle C1,.., C5. The bars illustrates the residual
error associated with each ﬁtting
As a result, the phase of the interior surface at any particular time during the respiratory cycle can be
parametrized using these sine equation thus to describe the breathing pattern of an individual, there are ﬁve
components required the average frame F (0) , the ﬁrst eigenvectors e(1), the fundamental frequency f , amplitude
amp and the phase φ.
4. DISCUSSION AND CONCLUSION
In this initial study, a set of volunteers were imaged using the Codamotion infrared marker-based system. In
the marker-based system, the temporal variation of the respiratory motion was studied. This showed that for
the 12 volunteer cohort, the mean displacement of the TS (AS) region is 10.7 ± 5.6 mm (16.0 ± 9.5mm). We
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Half Cycle Surface
Frequency
(HZ)
Amplitude
(mm)
Phase (radi-
ans)
Max error
(mm)
C1
TS 0.53 1.18 -3.6 0.21
AS 0.47 11.4 0.21 0.53
C2
TS 0.31 2.51 -1.05 0.42
AS 0.19 -9.5 0.72 1.44
C3
TS 0.41 -1.67 -0.57 0.34
AS 0.56 19.1 -0.88 0.52
C4
TS 0.14 13.06 0.84 0.23
AS 0.314 -9.4 -0.59 1.1
C5
TS 0.44 -1.66 -0.52 0.42
AS 0.41 9.3 -0.34 0.54
Table 2. Illustrates sinusoidal ﬁtting parameters for each half cycle and the maximum error presented in each ﬁtting
might assume that this is a reasonable approximation to patient behavior. Variation between the TS and AS
displacement in the same individual has also been observed, which indicates that the temporal displacement in
AS and TS is inconsistent demonstrating that thoracic/abdomen dominant breathing may occur/change during
respiratory motion. Furthermore, the study has show that the contribution of AP motion is about 95%± 3% of
the total amplitude during deep breathing, falling to less than 40% ± 10% during tidal breathing. Conversely,
the contribution of SI and L motion is less than 5%± 2% of the total amplitude of the higher breathing pattern,
rising to about 50% ± 8% of the tidal breathing pattern. Finally, PCA was shown to capture the redundancy
in the data set with the ﬁrst principal component (PC) accounting for more than 96% of the overall variance in
both AS and TS datasets . A ﬁtting to the dominants modes of variation using a simple piecewise sinusoid has
suggested a maximum error of about 1.1mm across the complete cohort dataset. This will be used to parametrize
respiratory motion, and feed into our particle ﬁltering based approach at motion correction in nuclear medicine.
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